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INTRODUCTION

The low dendty and reaive esse of shgping made polymers highly attractive for
fracture criticd agpplications such as aerogpace. Polymer matrix  composite materias
ggnificantly impacted the condruction and capability of high performance arcraft. In recent
years, the reslience characterigic of polymers has been exploited to support the emerging
fidd of infladble structures. Bdloons were used to cushion the deployment of the Mars
Pahfinder lander on July 4, 1997, paving the pah for the recent large number of reated
initigtives.  Inflatable dructures are now being used to condruct rovers (Figure 1), aerid
vehicdles, telescopes (Figure 2), radar antennas, and others. Some of these gpplications have
reached space flight experiments, whereas others are now at advanced stages of development.
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FIGURE 2: A Space Shuttle view of an inflatable
structure experiment (May 1996).

FIGURE 1: JPL rover using inflatable wheels.

The recent introduction of polymers thet induce large dran under eectrica activation led to
their congderation as potentid actuators. The level of induced dtrain can be as high as two
orders of magnitude grester than the driction-limited, rigid and fragile eectroactive ceramics
(EAC). Also, they are superior to shape memory dloys (SMA) in their spectra response,
lower dendty, and reslience. Generdly, EAP ae dectricdly had and mechanicdly soft.
Paticularly, ferrodectric polymers have a coercive fidd in the range of 100 MV/m, which is
of the order of 100 times the coercive fidds of ceramic ferrodectrics making polymers quite
dable dectricaly. On the other hand, EAP materids reech ther dadtic limit a lower stress
levels compared to EAC, and their actuation dress fdls far shorter than EAC and SMA
actuators. In Table 1 a comparison is given between EAP, EAC and SMA and it is easy to see
the propertiesin which EAP offer superior capability.

The most attrective festure of EAPs is ther ability to emulate biologicd muscles
offering redlience, toughness large actudion dran and inherent vibration damping.  This
gmilaity ganed them the name "Artificid Musdes' with the potentid of deveoping
bidogcaly ingpired robots. ~ Biomimetic robots actuated by EAP can be made highly
maneuverable, noisdess and agile, with various shapes and they can enable to make science
fiction idees a fadter redity than would be feasble with any other conventiond actuation
mechaniams. Unfortunatdly, a present the force actuation and mechanica energy densty of
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TABLE 1: Comparison of the properties of some actuation materias

Property Electro-dtatic Polymer SMA SingleCrysd | SingleCrysta
slicone Electrostrictor Electrostrictor | Magnetostrictor

elastomer [Zhang] [Park] [Harhaway]
[Perline]

Actugtion gtrain 32% 4% 8% 1.7% 2%

Blocking Force/Area 0.2MPa 0.8 MPa 700 MPa 65 MPa 100 MPa

Reaction speed Meec Meec Sec to min neec msec

Densty 15gl/cc 3g/cc 6 g/cc 7.5 g/cc 9.2¢glcc

Drivefidd 144 V/mm 150 V/rm - 12V/mm 2500 Ce

Fracture toughness large large large low large

Note: Values were caculated assuming the dadic propertties were independent of
gpplied fidd and are therefore approximated.

EAPs ae rdaivey low, limiting the potentid gpplications that can be conddered. In
recognition of the need for internationa cooperation among the deveopers, users and
potentid sponsors, the author organized though SPIE Interndtiond the firsda EAP Conference
on March 12, 1999. This Conference was held in Newport Beach, Cdifornia, USA and was
the largest ever on this subject, making an important milestone, and turning the spotlight onto
these emerging materids and ther potentid. Following this success, MRS conference was
initiated to address the fundamentd issues rdated to the materid science of EAP.  Further,
the author edablished a homepage linking webstes of worldwide EAP research and
development  fadilities  (http://ndesajpl.nasa.gov/nasa- nde/lommas/eap/EAP-web.htm).  Also, he
intisted the publication of the WW-EAP Newdetter, which is published eectronic
(http://eisjpl.nasa.gov/ndeaalnasa: nde/newdtrA\WW-EAP_Newsl etter.PDF). He dso heped
edablishing the WW-EAP Newsgroup.

The increased resources, the growth in number of investigators conducting EAP reaed
ressarch, and the improved collaboration among deveopears usas and sponsors ae dl
expected to lead to rapid progress in the coming years. Recently, the author chdlenged the
worldwide community of EAP experts to
develop a robotic am tha is actuaed by
artificid muscles to win a wrestling match
with a human opponent (Fgure 3).
Progress towards this god will lead to
grest benefits, particularly in the medica
aeq, incduding effective  prosthetics
Decades from now, EAP may be used to
replace damaged human muscles, leading
to a "bionic humen” A remakable
contribution of the EAP fidd would be to
one day seeing a handicapped person
jogging to the grocery dore usng this
technology.

FIGURE 3: Grand challenge for the EAP community.

NEED FOR AN EFFECTIVE EAP INFRASTRUCTURE

Condruction of mobility or aticulaion sysem that is actuated by EAP requires
components as shown in Figure 4 as a block diagram.  While each of the lised components is
a various advanced research phases, EAP actuators are the leest developed technology and
extensve effort is required to bring it to a mature stage.  Unfortunately, the EAP materias
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piezolectrics [Bar-Cohen, FIGURE 4: A schematic diagram of the basic components of
19993] In order to be able to an EAP-driven system. ’ P

trangtion these maerials from

development phase to effective actuators there is a need to establish an adequate “EAP infra
dructure’. The author's view of this infrastructure and the aeass needing Smultaneous
devdlopment are shown schematicdly in Figure 5. This involves the need for adequate
underganding of EAP maerids behavior and the necessty to assure ther durdbility in
sarvice. Enhancement of the actuation force requires knowledge of the basc principles usng
computational  chemidry modds, comprehensve materid science,  dectromechanics
andyticad tools and improved materids processes. Efforts are needed to gain a better
underganding of the parameters that control the EAP dectro-activation force and
deformation. The processes of syntheszing, fabricating, eectroding, sheping and handling
will need to be refined to maximize ther actudion capability and robustness. Methods of
relisbly characterizing the response of these materids are required to dlow documenting the
materid properties to support desgn engineering towards meking EAP the actuators of

Bending EAP Longitudinal EAP
EAP material poo IPMC Bimorph EAP Conductive Nanotubes Electrostatic Piezoelectrig
polymers
EAP mechanism Non-linear Enhancing capability of * FEM & Molecular Science
understanding and electromechanical existing EAP materials, and Engineering
enhancement modeling composites, etc. * New material synthesis
Material Shaping Igm(e:;ion_ Suppﬁ;ttgrc:(;?isosr:es & Miniaturization and
EAP Processing fabrication (fibers, films, yering 9 . Co ;
. (ISAM & Ink- (Electroding, protective | application technique
techniques etc.) L . ;
printing) coating, bonding, etc|)
Tools/support elements Sensors Actuators MEMS
Miniature Robotics General applications and devices
* Insect-like robots « Inflatable structures shape control
Devices/Applications *  End effectors ¢ Muscle-like actuators
¢ Manipulators *  Surface wipers
*  Miniature locomotives

FIGURE 5: EAP infrastructure and areas needing attention.
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choice. Various configurations of EAP actuators, sensors and potentid MEMS will need to
be studied and modeled to produce an arsend of effective actuators. The development of the
infragtructure is multidisciplinary and requires internationd collaboration.

BIOLOGICAL MUSCLES AND SCIENCE FICTION

Deveoping intdligent robots requires the combination of srong muscles (actuators) and
acute sensors, as wdl as the underglanding of the biologicd modd. Usng effective EAP
maerids as atificd musdes one can deveop biologicdly ingpired robots and locomotives
that can possbly wak, fly, hop, dig, swvim and/or dive Naurd muscles ae driven by a
complex mechanism and ae cgodble of lifting large loads at short (millisecond) response
times. The peformance characterigics of muscles are difficult to measure and most
measurements were made on large shell-closing muscles of scalops. Pesk dress of 150-300
KPa is developed a a dran of about 25%. Maximum power output is 150 to 225-W/Kg;
average power is about 50-W/kg with an energy densty of 20-70-Jkg, which decreases with
the increase in speed.  Since muscle is fundamenta to anima life and changes little between
species, we can regard it as a highly optimized sysem. It is a sysem that depends on
chemicdly driven reversble hydrogen bonding between two polymers, actin and myosn.
Muscle cdls are roughly cylindricd, with diameters between 10 and 100-nm and up to few
centimeters long. Although muscles produce linear forces, motions a joints are dl rotary.
Therefore, the strength of an animd is not just muscle force, but muscle force as modified by
the mechanicd advatage of the joint [Alexander, 1988], which usudly varies with joint
rotation. The mechanica energy is provided by a chemicd free energy of a reaction involving
adenosine triphosphate (ATP) hydrolysis. The release of Cat+2 ions seems turning on and off
the conformational changes associated with muscle Sriction.

Insects mobility is under extensve sudy and there is a rddively large body of
knowledge in place, as for example a the Universty of Cdifornia, Berkdey [Full and Tu,
1990]. A windmill was used with a photodadic coating to dudy the detals of insects
waking mechanisms, where insects with various numbers of legs were investigated.  Also,
the Sze of eectronic devices has become so smdl that insects can be insrumented to perform
tasks once viewed as science fiction. At the Universty of Tokyo, Japan, a spider ad other
insects were indrumented as locomotives to cary backpacks of wirdess eectronics.
Development of EAP actuators is expected to enable insect-like robots that can be launched
into hidden areas of dructures to perform ingpection and various maintenance tasks. In future
yeass, EAP may emulae the capabilities of teredtriad crestures with integrated
multidisciplinary  capebilities to launch space missons with innovetive plots Some
biologicd functions that can be adgpted indude softlanding like cats, traversng distances by
hopping like a grasshopper and digging and operding cooperdively as ants.

CURRENTLY AVAILABLE EAP MATERIALS

The beginning of the field of EAP can be traced back to the milestone discovery of an
electret when carnauba wax, rosn and besswax are olidified by cooling while subjected to
DC hias fidd [Eguchi, 1925]. Generdly, dectricd excitaion in only one of the mechanisms
that can be usad to induce dadic deformation in polymers [Perline et d, 1998, and Zhang, &
d, 1998]. Other activation mechanisms include chemicd [Kuhn, e d, 1950; Steinberg, e d,
1966; and Otero, et d, 1995], thermd [Tobushi, e d, 1992, and Li, & d, 1999], magnetic
[Zrinyi, et d, 1997], and opticd [van der Veen & Prins, 1971]. Polymers that are chemicaly
simulated were discovered before haf a century when collagen filaments were demonstrated
to reversbly contract or expand when dipped in acid or dkdi agueous solutions, respectively.
Even though very little has dnce been dore to exploit such ‘chemo-mechanicd’ actuators,
this ealy work pioneered the deveopment of synthetic polymers that mimic biologicd
muscles. The convenience and the practicaity of dectricd gimulation and the technicd
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progress led to a continuoudy growing emphass on EAP materids. Following the 1969
observation of a subgsantia piezodectric activity in PVF2, invedigators darted to examine
other polymer systems and a series of effective materids have emerged. While the ligt of
such EAP has grown consderably, PVF2-TrFE is the only materid that can be obtained
commercidly. Generdly, EAP can be divided into two categories: Wet (ionic) and dry. The
dry polymers (dectrodrictive, dectrodatic, piezodectric and ferrodectric) require high
activation voltage (>100-V/mm) thet is close to the breskdown level. However, they can be
made to hold DC voltage induced displacement dlowing congderaions for robotic
goplications.  Also, these materids have a grester mechanicd energy dendty. In contrat,
wet EAP materids (lorrexchange, conductive polymers, gds, ec.) require drive voltages as
low as 1-2 Volts. However, there is a need to maintain their wetness and it is difficult to
sustain DCG-induced displacements.  The induced displacement of bath the dry and wet EAP
can be ether bending or dretching/contraction. Overdl, any of the EAP materid can be
made to bend with a sgnificant curving response, which gppears gopeding. However, such
actuators have rddivey limited potentid gpplications due to the low force or torque that can
beinduced.

WET (IONIC) EAP

IONIC POLYMERS

Potentidly, ionic polymers can be synthesized in a gd form to produce srong actuation,
which may match the force and energy dendty of biologicd muscles. These materids are
generdly activated by a chemicd reection, where changing from an acid to base environment
causes the ge to become dense or swollen, respectively. Researchers a the University of
Arizona, USA [Cdvet, et d, 1998] successfully simulated this reection dectricdly. They
drove embedded eectrodes, where the cathode side becomes more basc and the anode side
more acidic to cause bending actuation. However, the response of this multilayered ge
dructure is rddivdy dow due to the need to diffuse ions through the gd. An expanson and
dhrinkage of a layered gd dructure from 3x3-cm to 6x6-cm was demondrated over a period
of 20min. This reection is far from being practicd and is further hampered by the fact that
the induced large displacement causes damage to the dectrode leading to falure of the
actuator after 23 activation cycles. Current efforts are directed towards the use of thin layers
and more robust eectroding techniques.

Gengdly, ionic polymers can be made to swdl under dectricd activation when the
materids contain solvated ions.  This type of polymers are conductive and an dectrophoress
or dectroosmotic drag mechaniams is inducing conformationd changes. Sweling of the
polymer can occur as a result of sorption of solvents (usudly water) even in the absence of
goplied dectric fidd.  Electrochemica reactions (oxidation/reduction) occur a the eectrodes
that either promote or hinder the actuation mechanism. Mogt reported actuators that use ionic
polymers exploit the voltage controlled swelling to form bending. The required voltage may
vay from 1-mV to 50V and the response time depends on thickness, diffuson, and kinetics
of eectrochemical reactions. The reaction rate of this type of EAP materids @n vary from
milliseconds to minutes. Protective coating, which acts as atificid skin, needs to be
devedloped to precticdly operate these EAP maerids in dry environments. The use of polar
low-vgpor -pressure solvents (such as propylene carbonate) can hdp enhancing the ability of
ionic polymers to operate a harsh conditions.  Some of the known ionic conductive polymers
indude  Polypyrrole,  Polyethylenedioxythiophene,  Poly(pphenylene  vinylene)s,  Polyaniline,
and Polythiophenes.  Among this group, Pdypyrrole was demondrated to have the highest
electromechanicd response [Otero, e d, 1995] but a the present Sage their actuation force is
dill rdatively low, measured in grams or less.
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The mechanism that is responsble for the chemo-mechanicd behavior of ionic gds under
electricd excitation is described by [Gong, et d, 1991, Osada, et d, 1992, Osada & Matsuda,
1995; and Osada & RossMurphy, 1993] and a modd for hydrogd behavior as contractile
EAP is described in [Gong, @ d, 1994].  Sgnificant amount of research and development as
well as gpplications using ionic gd polymers were invedtigated a the Hokkaido Universty,
Jgpan.  These indude dectricdly induced vending of gels [Osada & Hasebe, 1985 and
eectrica induced reversble volume change of gel particles[Osada & Kishi, 1989].

IONIC POLYMER METALLIC COMPOSITE (IPMC)

Perfluorinated ion exchange membrane platinum
composite (IMPC) with metdlic dectrodes deposited — [-(CFa-CFan-CF-CFa-Jn
on both sides is a bending EAP materid. Two types |
of base polymers are used to form IPMC: Nafion® SRS E-LFHD-LE805- M
(perfluorosuifonate mede by DuPort) and Flemion® .
(perfluorocaboxylate, made by Asshi Glass, Jgpan).
The chemicd dructure of Naion® is shown in FIGUREE: Nafion® chemical s,truc:ture+

. : (Where n ~ 6.5, 100 <m < 1000, and M

Eguerew?d dypr(;r?]rplf)zla%sizg fm|§ﬂ%m?afhg is the counter ion (H +, Li+, Na'or others).
hydrogen (hydrolysis). The operdion as actuators is the reverse process of the charge storage
mechanism asociated with fud cdls A rdaivey low voltage is required to simulate
bending in IPMC, where the base polymer provides channds for mobility of pogtive ions in a
fixed network of negative ions on interconnected clugers.  Since the author has been
involved extensvely with research related to this type of EAP [Ba-Cohen, & d, 1998, a
greater atention will e given herein to this type of EAP. In 1992, IPMC wes redized to have
EAP characterigics by three groups of researchers [Oguro, e d, 1992] in Jgpan, and by
[Shehinpoor, 1992] and [Sadeghipour, et al, 1992] in the United Saes In order to
chemicdly dectrode IPMC films, metd ions (Platinum, gold or others) ae dispersed
throughout the hydrophilic regions of the polymer, and are subsequently reduced to the
corresponding  zeravdence metd atoms.  Generdly, the ionic content of the IPMC is an
importart factor in the dectromechanical response of these materids.  Bending results for
sodium cations and platinum metdlizetion are shown in Fgures 7, where usng low voltage
(120 Vot large digplacement is observed a frequencies bdow 1-Hz and dgnificantly
decreases with frequency. In recent years, this cgpability was enhanced using Li+, tetra-n-
butylammonium and other types of cations with gold medlization [Yoshiko, e d, 1998, ad
Oguro, & d, 1999].

The dructure and properties of the IMPC have been the subject of numerous
investigations (see for example [Heitne-Wirguin, 1996). While its operation mechanism is
dill not dear, methodic modding and characterizetion of the materid behavior is
dgnificantly improved the undersanding.  Diffuson and coulomb forces are conddered as
the driving mechanisms responsble for the 180
bending and the asxociaed reverse effects 1.60 -
[Nemat-Naser et d, 2000]. One of the 133
interesting  properties of IPMC is its ability to ¢, 7, |
absorb lage amounts of polar solvents, i.e 080 4
waer. When equilibrated with  agueous % D60 4
solutions, the polymer membrane swels to

Deflection (Cm)

0.40 4

absorb cetan amount of water.  Sweling EEE
equilibrium results from the baance between the oo 5o 400 600
eadic forces of the polymeric matrix and the Voltage (V)

water efinity to the fixed ion-exchanging Stes  Figure 7: Typical response of Na+/Pt IPMC

and the moving counter ions. The mechanism of  at various voltage levels and 3 frequencies.
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bending is patidly rdaed to migraion of mobile ions within the networks caused by an
applied dectric fied.

IPMC was found to respond a temperatures as low as -100°C where an increase in
voltage dlows compensating for the loss in efficiency. This result paved the path for
condgdering IMPC as an actuator for gpace mechanians as will be discussed later in this
manuscript.  However, under DC activation the maerid bends rdatively quickly, 0.1 to 1-sec
(depending on the dze of the cations) followed by a dow recoiling with a permanent
deformation.  The recoiling can be as sious as bending in the opposte direction of the
activaing voltage, as in the case of Nat cations. The author and his colleagues investigated
the issues that affect the application of IPMC as an actuator and identified a series of
chdlenges. The chadlenges and the solutions that were determined are lised in Table 2. As
can be seen from the table, most of the chdlenges can be met with an acceptable solution
except for three the need to protect the materid from drying, the excitation of dectrolyss a
voltages above 1.03 Volts and the induced permanent deformation. Unless these issues are
effectively addressed the use of IPMC for practica gpplications will be hampered.

TABLE 2: Chdlenges and identified solutions for issues regarding the gpplication of IPMC.

Challenge Solution
Huorinate base - difficult to bond Apply pre-etching
Sengtive to dehydration Apply protective coating over pre-etched IPMC
Off-axis bending actuation Condrain the free end

Electrolyss occurs a >1.03-V Use efficient IPMC requiring lower actuetion voltage

Operate a low temperatures IPMC was demonstrated to operate at -140°C

Remove smd| sze dust Use effective wiper-blade desgn and high bias voltage

Reverse bending under DC voltage

Limit goplication to dynamic operations

Protective coating is permesble

Deveop dternative coating possibly using overcoat

Resdud deformation
No established qudity assurance

Sill achdlenge
Use short beam/film and tackle the critical issues

Ineffective protective coating: Since the actuation cgpability of IPMC is aitributed to its
ionic content, it IS necessary to continuoudy mantain its moiure. A protective coating was
devdloped to serve as the eguivdence of a biologica <kin, and it was demondrated to
effectivedly maintain the moisture for severad months [Ba-Cohen, e d, 1998]. Unfortunaely,
this dlicone base coating was found to be too permeable and therefore would not be effective
for long term operation of the IPMC in dry conditions Efforts are undeway to identify a
better coating technique.

Electrolysis: Voltages a levds aove 1.03-V involve decirolyss during eectro-activation
causng degradation, hest and release of gasses. This issue raises a grest concern since the
emitted hydrogen accumulates under the protective coeting and generates blistering that
would rupture the coating, paticulaly in high vacuum environment as in space.  The use of
tetra-n-butylammonium cations was shown to provide higher actuation efficiency dlowing to
reduce the needed voltage and to minimizing the dectrolyss effect. However, large bending
requires voltages at dgnificantly higher leve than the 1L.03-V limit.

Permanent deformation under DC activation: Unfortunately, under DC voltage IPMC
does not maintain the induced bending and it retrects after several seconds.  Further, upon
removd of the dectric fidd an overshoot beding occurs in the oppodte direction moving
dowly towards the steady dtate postion leaving a permanent deformation. This issue was not
resolved yet and is hampering the gpplication of IPMC.
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CARBON NANOTUBES

Nanotubes are relatively new EAP materias, which have immerged in 1999 [Baughman,
1999]. They are composad of carbon nanotubes having diamond-like mechanical properties.
Conddering the mechanicd drength and modulus of the individud carbon nanotubes and the
achieveble actuator displacements, this actuator has the potentid of providing higher work
per cycde than previous actuator technologies and of generating much higher mechanica
sresses.  Further, since carbon offers high therma gtability, carbon nanotubes may eventudly
be used a temperaures exceeding 1000 °C, which far exceeds the capabilities of adternative
high-performance actuator materidls.  The maerid condss of nanometer Sze tubes and it
was shown to induce dans a the range of 1% dong the length. The key obstacle to the
commercidization of this EAP is it high cos and the difficulty to massproduce. A carbon
nanotube actuator can be condructed in about by laminating together two narrow drips cut
from a carbon nanotube sheet, usng an intermediate adhesive layer, which is dectronicaly
insulated. The reaulting “cantilever device’ is immersed in an dectrolyte, such as a sodium
chloride solution, and an dectricd connection is made to the two formed nanotube drips. The
gpplication of about a volt bends the actuator in one direction, and reversng the potentid
bends the actuator in the opposite direction.

DRY EAP
FERROELECTRIC POLYMERS

Poly(vinylidene fluoride), dso known as PVDF or PVF2, and its copolymers ae the
most widdy exploited ferrodectric polymers. These polymers are patly crysdline with an
inactive amorphous phese having rdatively high Young's moduli ner 1-10 GPa  This
rlaively high dagic modulus offers high mechanicd energy dendty when usng EAP based
on this type of materids A large goplied AC fidd (~200 MV/m) can induce dectrodtrictive
(nonlinear) drains of nearly 2%. However this levd of fidd is dangeroudy close to didectric
breskdown, and the didectric hyderess (loss, heding) is very lage  Schenbem and his
coinvedigators [Sen, 1984] invedtigated the effect of heavy pladticization (~65 wt. %) of
ferrodectric polymers hoping to achieve large drains a reasonable gpplied fidds. However,
the pledicdzer is dso amorphous and inactive, resulting in decreesed Young's modulus,
permittivity and dectrodrictive drans  Recently, Zhang [1998] has introduced defects into
the aygdline dructure usng dectron radiaion to reduce the didectric loss dramaicdly in
P(VDF-TrFE) copolymer. This permits AC switching with a lot less generated heat. As
large as 5% dectrodrictive drans can be achieved a low frequency drive fidds with
amplitudes of about 150 V/m.

As with ceramic ferrodectrics, dectrodriction can be conddered as the origin of
piezodectricity in fearodectric polymers [Furukawa, 1990]. A DC bias polaizaion can
ether be present via a poling process introduced before meking a device, in which case a
remnant polarization persds or lage DC dectric fidd is gpplied during operation of the
materid as a device. In the latter case, no remnant polarization is observed when the bias is
removed and, as a ferodectric maerid, a vey smdl hyseress is observed in the
polaizationdectric fidd loop.  Unlike dectrodriction, piezodectricity is a linear effect,
where not only will the materid strain when voltage is applied, but a voltage sgnd will be
induced when a dress is goplied. This enables them to be used as sensors and sonars. Care
must be given to not goply too large of goplied voltage, mecharicd dress or high
temperature for fear of de-paoling the materid.

ELECTRO-STATICALLY STRICTED POLYMER (ESSP) ACTUATORS
Polymers with low eadic giffness and high didectric condant can be used to induce

large actuation drain by subjecting them to an dectrodatic fiedld. This characterigic dlows
producing longitudind actuators that operate Smilaly to biologicd musdes usng Coulomb
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forces between dectrodes to squeeze and thus dretch the materid laerdly. Longitudind
eectrodatic actuators can be made of didectric dagtomer films and flexible eectrodes
[Perling, e d, 1998]. For this purpose, two dlicone layers can be used with carbon
eectrodes on both sdes of one of the layers, where the layers are wrapped to form a rope
actuator Gee Figure 8). Beddes usgng ESSP in the form of ropes mimicking human muscle,
bending actuators can be congructed by adding a passve backing layer on one dde of the

EAP material

+ Electrode \

Figure 9: Left: Under electro-activation, an EAP film with
electrodes on both surfaces expands laterally. Middle:
EAP film subjected to 25 VV/mm induced over 12%
extension. Right: ~15-g rock mounted at the end of an
ESSP rope is electrically lifted and dropped.

~35-tun

EAP film. ESSP actuators are subject to a major concern associated with the required large
eectric fidds (~100 V/mm) necessary to induce dgnificant drains (10-200%). The actuator
hes to be thin (<50mm) to assure the use of reasonable voltages. Overdl, the associaed
voltages are close to the breskdown drength of the materid and a safety factor needs to be
used thus lowering its potentid. Moreover, the rdatively smdl breskdown drength of ar (2
3 V/mm) presents additiond chdlenge. The longitudind actuation of the rope is the reault of
Poisson effect of squeezing the film resulting a laerd dretich and forming a sgnificant
disolacement requires longer actuator. Elastomers with Young's moduli on the order of < 20
MPa and relative permittivity of 3 can induce large strain a the level of 30%. The Young's
modulus is farly temperature independent until the glass trangtion temperature is reeched, at
which point a sharp increese in the modulus occurs making the materid too iff to be used as
electrogtatic actuator.

ELECTRO-VISCOELEASTIC ELASTOMERS

Electro-viscodadtic dagomers represent another family of eectroactive polymers. These
EAP maerids are compostes of dlicone dastomer and a polar phase.  Before crosdinking,
in the uncured dae, they behave as dectrorheologicd fluids An dectric fidd is goplied
duing curing to orient and fix in podtion the polar phese in the dasomeric matrix. These
maerids then remain in the “solid” date but have a sher modulus (both red and imaginary
pats) that changes with gpplied dectric fidd (< 6 V/mm) [Shiga, 1997]. A stronger
magneto-rheologica effect can dso be introduced in an andogous manner and as much as a
50% change in the sher modulus can be induced [Davis, 1999]. These materids may be
used as dternatives to dectrorheologica fluids for active damping applications.  These type
of EAP can be usad to perform active damping is support of precison control of robotic ams
with a closed-loop system.
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DEVELOPMENT OF EAP FOR SPACE APPLICATIONS

Snce 1995 under the author's lead, planetary applications usng EAP have been
explored while improving the undersanding, precticdity and robustness of these materids
EAP materids are being sought as a subgiitute to conventiona actuators, such as motors,
gears, bearings, screws, etc. [Bar-Cohen, et d, 1999b]. Generdly, space gpplications are the
mod demanding in tems of operding conditions robustness and durability offering an
enormous chalenge and great potential for these materids. Under this NASA funded effort,
ESSP and IPMC were used to produce longitudind and bending actuators where a dudt-
wiper, gripper and robotic am were demondrated. The development of a dust-wiper (Figure
10) have recaved the mogt atention and it was conddered for the Nanorover's opticad/IR
window, which is part of the MUSES-CN misson. The MUSES-CN is ajoint NASA and the
NASDA (Naiond Space Deveopment Agency of Jgpan) misson scheduled for launch in
January 2002, from Kagoshima, Japan, to explore the surface of a smal near-Earth asteroid.

The use of IPMC was investigated jointly with NASA LaRC, USA, and Osaka Nationa

Research Inditute and Kobe Universty from
Jgpan.  The team used perfluorocarboxylate-
gold composte with two types of cations,
tetra-n-butylammonium  and  lithium. The
IPMC was used as the actuator that wipes the
window with a unique 104mg blade having
fiberglass brush, which was developed by
ESLI (San Diego, CA). This blade is
ubjected to high voltage (~1.5-KV) to repd
dus and thus augmenting the brushing
mechanism  provided by the blade
Unfortunately, the criticad issues that affect
the gpplication of IPMC hampered the
condderation of launching the dugt-wiper in
thismisson.

Ancther gpplication of EAP actuators,
having even lower technology readiness
which was consdered, is the devdopment of

FIGURE 10: Schematic view of the EAP dust-wiper on
the MUSES-CN's Nanorover (right) and a photograph

of a prototype EAP dustwiper (left).

a miniature robotic am (Figure 11 and 12). An ESSP actuator was used to lift and drop the
am, whereas a 4-finger IPMC gripper was used to grab rocks and other objects.  When

FIGURE 12
the lifting/dropping of the arm and manipulate the gripper fingers.

FIGURE 11: 4-finger EAP gripper
liting a rock much like a human hand.

grabbing rocks, the four fingers operate much like ahuman hand (see Figure 12).

miniature robotic arm using EAP actuators to provide

CONCLUDING REMARKS
In recent years, dectroactive polymers have emerged with grest potentid to enable
unique mechanisms, which can emulate biologicd sysems. A saies of materids were
reported to induce large longitudind and bending actuation. Hforts to goply such maerids to
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gpace gpplications reveded critical chalenges that cannot be address with current technology.
Much more research and development work ill needs to be done before EAP will become
the actuators of choice. The deveopmentt of an effective infragtructure for this fidd is criticd
to the commercid avallability of robus EAP actuators for practicd epplicaions. The
chdlenges are enormous, but the recent internationa trend towards more cooperation, the
gregter vighility of the fidd and the surge in funding rdated research are offering great hope
for the future of these exciting materids. The potentid to operate biologicdly inspired
mechanisms driven by EAP as atificid musdes is offering capabilities that are currently
conddered science fiction. To highlight this potentid, the EAP science and engineering
community was chdlenged to develop a robotic hand actuated by EAP tha would win an
armrwrestling match againg human opponent.  Progress towards this god will leed to great
benefits to mankind particularly in the medicd areaincluding effective prosthetics.
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